There are (at least) two classical mechanisms for non-diffusive transport in the edge plasma: i) particle "pinch" velocities due to forces such as VxB, and Er; and ii) outward drifts due to ion-orbit loss and X-transport. A theoretical development for the treatment of these non-diffusive transport mechanisms within the context of fluid theory is assembled and applied to several DIII-D discharges in order to investigate the importance of these non-diffusive transport mechanisms in the edge pedestal. Several interesting insights emerge from this investigation.
Introduction
It has long been recognized that an understanding of the physics of the tokamak edge plasma was important to achieving an understanding of tokamak performance, and tokamak edge pedestal physics has long been (e.g. Ref. 1) and remains (e.g. Ref.
2) an active area of tokamak physics research. The reason that it is important to understand the pedestal physics and to develop a predictive capability for the edge pedestal is that this physics seems to determine the performance of future tokamaks 3, 4 , such as ITER.
A relationship between changes in the radial electric field r E and in the poloidal rotation velocity V θ in the plasma edge, on one hand, and changes in the edge pressure, temperature and density gradients in the plasma edge, on the other hand, was one of the earliest experimental H-mode observations 5 , suggesting that an understanding of the causes of the rotation velocities and the radial electric field may provide insight to an understanding of edge pedestal physics. Recently it has been demonstrated that changes in these various experimentally observed quantities are correlated by momentum balance requirements [6] [7] [8] .
Although there is a growing consensus that the limiting values of pedestal pressure and pressure gradients are determined by magnetohydrodynamic (MHD) peeling-ballooning mode instabilities 9 (edge localized modes, or ELMs), the causes of the pedestal structure (pressure, density and temperature profiles) in the absence of ELMs or between ELMs remain an open question. One widely held school of thought (e.g. Refs. [10] [11] [12] postulates that the stabilization of electromagnetic micro-instabilities and the corresponding reduction in fluctuation-driven transport coefficients produce the observed steepening in temperature and density gradients in order for diffusive heat and particle fluxes to remove the input heat and particles. Another school of thought (e.g. Refs. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] postulates that the physics of the edge plasma is determined, at least in part, by the free-streaming ion orbit loss and drift loss of thermal ions trapped poloidally in the region near the X-point that drift across the separatrix and into the divertor. Ionization of recycling neutral atoms 29, 30 and small-scale kinetic ballooning mode MHD instabilities 31 also have been suggested as causes of the observed structure in the density and temperature profiles in the edge pedestal of tokamak plasmas.
There are a large number of people worldwide working to understand edge pedestal physics and to test these various postulated causes of the edge pedestal structure against experimental data. Much of this work consists of comparing measured temperature and density profiles in the edge pedestal with the predictions of 1D or 2D fluid transport codes which incorporate various theoretical models for the transport coefficients, or using such codes to calculate particle and heat fluxes that can be used to interpret experimental values of the transport coefficients from the measured density and temperature profiles. However, such analyses usually do not take into account the non-diffusive transport effects of forces due the electric fields and V B × forces (which produce a particle pinch), nor do they usually take into account non-diffusive ion orbit losses and drift X-transport. Thus, we have been motivated to assemble a fluid transport theory for the edge plasma that systematically incorporates these non-diffusive transport processes. Another purpose of this paper is to illustrate the importance of taking into account these non-diffusive transport mechanisms by application of this extended fluid transport theory to the interpretation of the edge plasma physics in several different types of DIII-D 39 discharges.
II. A moments equations formulation of plasma fluid theory in a tokamak
In this section, plasma fluid theory is formulated systematically from the first four velocity moments of the Boltzman transport equation 40 , with appropriately determined constitutive relations (transport coefficients). In order to simplify the formalism, one-dimensional radial transport in a slab approximation is used.
The first velocity moment is the particle density, and the first velocity moment equation is the continuity, or particle balance, equation for the main ion species "j" 
where "k" in general refers to a sum over other ion species. In this paper "j" will refer to the main ion (deuterium) and "k" to the impurity ion (carbon) in a two-species model. These equations contain the third velocity moment of the distribution function, the pressure (or equivalently the temperature).
The quantity ν dj is a toroidal angular momentum transfer frequency which represents the combined effect of viscosity, inertia, atomic physics, and other "anomalous" processes. Justification for representing the toroidal momentum transfer processes in this form is discussed in appendix A and in Ref.
41.
j M φ is the toroidal momentum input, e j refers to the charge of species "j" and the other symbols have their usual meaning.
Subject to the assumption that there is a single impurity species "k" with the same logarithmic derivative and the same local temperature as the main ions "j", Eqs. (2) and (3) can be combined to arrive at a constraint on the main ion pressure gradient
where the "diffusion coefficient" is
and the "pinch velocity"
is a collection of normalized forces associated with the electric field, VxB forces and beam momentum input. The fundamental transport coefficients that determine the main ion diffusion coefficient are the momentum exchange frequencies with impurities ( jk ν ) and with neutrals ( cx ν ), and the momentum exchange frequencies across flux surfaces due to viscosity and inertia, and any anomalous momentum exchange processes (included in ν dj ).
Experimental values of the toroidal angular momentum transfer frequencies ν dj and ν dk can be inferred from Eqs. (2) and (3) by using the measured carbon toroidal rotation velocity and making a perturbation analysis to estimate the main ion toroidal rotation velocity 42, 43 .
and for the carbon impurity ion
is the first order perturbation estimate of the difference in deuterium and carbon toroidal rotation velocities.
The momentum balance requirement of Eq. (4) can be rearranged into a form that clearly exhibits the diffusive and the non-diffusive components of the radial particle flux
The more general case when the assumption made above about the impurity distribution is not made is treated in appendix B.
The third velocity moment, or energy balance, equations for the main ion and electron species ( ) 
determine the main ion and electron total energy fluxes , (1) for the total radial particle flux and exp e Γ is constructed therefrom taking into account impurities.
III.

Non-diffusive particle transport (pinch) effects in DIII-D experiments
The above equations can be used to investigate the importance of the V B × and r E "pinch"
forces that appear in the momentum balance requirement of Eq. (10) in various types of discharges.
Evolution of H-mode edge pedestal between ELMs
Experimental data were averaged over the same sub-intervals between ELMs for successive ELMs to develop data that characterize the evolution of density, temperature, rotation velocities, radial electric field, etc. over the interval between ELMs in DIII-D shot #98889. These data 7 provide an experimental confirmation of an inward particle pinch.
The ion particle fluxes at several times after an ELM, obtained by solving Eq. (1) using experimental values to evaluate the parameters, are shown in Fig. (1) . Immediately following the ELM (00-10%), the net radial particle flux is inward over the edge plasma, but recovers to an outward flux by midway (40-60%) between ELMs. The deuterium ion density radial distribution was calculated to be very close to the measured electron density distribution shown in Fig. (2) , and the evolution of the radial temperature distributions for ions and electrons were similar to that of the electron density shown in Fig. (2). With respect to the momentum balance requirement on the radial ion particle flux given by Eq.
(10), it is clear that the outward diffusive fluxes (both the density gradient and temperature gradient terms) can not account for the inferred inward particle flux immediately following the ELM (00-10%) but that an inward pinch term is required. The pinch velocity inferred by using experimental data to evaluate Eq (6) is shown in Fig. (3) . Unfortunately, the averaging period for the CER data used to evaluate rotation and radial electric field terms in Eq. (6) is longer than the (00-10%) interval between ELMs, which means that this interval contains some pre-ELM and ELM CER data, which is probably the cause of the outward pinch velocity predicted by Eq. conclude that the outward diffusive component of the radial particle flux increases significantly from just after an ELM to just before the next ELM, while Fig. 3 indicates that the inward (pinch velocity) nondiffusive radial particle flux also increases significantly between ELMs. The relatively smaller net particle flux of Fig. 1 is the difference between larger outward diffusive and inward non-diffusive fluxes. 
Consistency check
If the viscous component of the angular momentum transfer frequencies (The recycling neutrals also affect the diffusion coefficient in the denominator of Eq. (4) via the chargeexchange contribution to dj ν , but this charge-exchange contribution generally has been found to be less than 10% just inside the separatrix and even less further in.) Thus, comparing these two terms in Fig. 6 provides an appreciation of the relative importance of i) recycling neutrals and ii) VxB, Er and other "pinch" forces on the determination of the pressure profile. Similar results have been found for other DIII-D discharges, indicating that the pinch velocity effects generally dominate the neutral recycling effects in the determination of the edge pressure density profiles. 
Differences in L-mode and H-mode edge plasmas
It has long been noted that, in addition to differences in the temperature and density distributions, there was a difference in the radial electric field distributions between L-mode and H-mode plasmas 5 . The radial electric fields in the L-mode and early (pre-ELM) H-mode phases of DIII-D shot #118897 are markedly different, as shown in Fig. 7 . This difference in radial electric fields, and lesser differences in poloidal rotation velocities, lead to dramatically different non-diffusive radial pinch velocities, as shown in Fig. 8 . In the L-mode phase the principal non-diffusive radial particle flux (pinch velocity) components due to the radial electric field and due to the poloidal rotation velocity are of opposite signs and tend to cancel each other, resulting in a small outward non-diffusive (pinch) radial particle flux. On the other hand, for the H-mode phase the poloidal velocity and radial electric field components are both inward and reinforce one another to produce a strong inward non-diffusive (pinch) radial particle flux component.
(The deuterium poloidal velocity needed for this evaluation was calculated from poloidal momentum balance, using the measured carbon rotation velocity.) The diffusion coefficients of Eq. (5), evaluated from experimental data as described above for shot #98889, are plotted for the L-mode and H-mode phases of shot #118897 in Fig. 9 . These diffusion coefficients are comparable in the steep-gradient region, indicating that the diffusive component of the radial particle flux through the steep-gradient region is actually larger for the H-mode phase (because of the steeper density gradient) than for the L-mode phase. Thus, relative to the L-mode phase, the steeper density (and pressure) gradient in the H-mode phase would appear to be required by momentum balance in order to offset the larger inward non-diffusive particle flux and enable the net outward particle flux required by particle balance to be achieved.
Figure 9 Main ion diffusion coefficients in L-and H-mode phases of DIII-D.
Shot #118897.
The effects of resonant magnetic perturbations on the edge plasma
Resonant Magnetic Perturbations (RMPs) appear to suppress ELMs by reducing edge particle density below the pressure limit for ballooning-peeling modes. We have investigated the role of nondiffusive particle transport in this RMP ELM-suppression by evaluating differences in the pinch velocity of Eq. (6) and in the diffusion coefficient of Eq. (5) from the experimental data 8 for a matched pair of Hmode and RMP shots in DIII-D. Except for the RMP, these shots had identical operating parameters.
The edge density in the RMP shot was about half that in the H-mode shot, the ion temperature in the RMP shot was about twice that in the H-mode shot, and the electron temperatures were very similar.
Another interesting difference between these two discharges was in the radial electric field profiles shown in Fig. 10 . The H-mode radial electric field is negative in the steep-gradient region with the characteristic deep well just inside the separatrix. The radial electric field in the RMP discharge has not quite as deep a negative dip and becomes positive in the outermost pedestal inside the separatrix. These different radial electric fields (and poloidal rotation velocities) produce rather different non-diffusive particle fluxes, as indicated by the pinch velocities shown in Fig. 11 . The strongly inward non-diffusive pinch velocity in the steep-gradient region of the H-mode shot is reduced in the RMP shot. Thus, it would seem that a significant contributing mechanism for edge density reduction with RMP is the reduction of the large inward non-diffusive (pinch) particle flux in the edge relative to Hmode.
IV. Generalized diffusion theory
If the momentum balance constraint of Eq. (10) is substituted into the continuity Eq. (1), a generalized diffusion equation is obtained.
( )
under the same assumption used above that the logarithmic derivatives of the impurity and main ion density profiles are the same. (The more general case is treated in Ref 41 and appendix C.) Solving Eqs.
(1) and (15) for the density and radial velocity profiles should result in the same profiles that would be obtained by solving Eq. (1) and Eq. (4) or (10) (the relative accuracy of numerical approximations to Eqs.
(4) and (15) is discussed in Ref. 44) .
It is common practice in many codes used for edge plasma analysis to use Eqs. (1) and (15), but with the second "temperature diffusion" term and the third "pinch velocity" term omitted in the latter, and with a diffusion coefficient that is adjusted to match experimental density profiles. This is equivalent to representing the particle flux by only the first diffusive term on the left side of Eq. (10) and adjusting the diffusion coefficient to compensate for the omission of the last two (temperature gradient and pinch) terms on the left side. Such a process can lead to extremely small and physically meaningless adjusted diffusion coefficients (e.g. Ref. 32) in the presence of the large inward pinch velocities found in the edge plasma in the previous section III. These small values of the adjusted diffusion coefficients have been interpreted as an "edge particle transport barrier", but it is clear that they are just an artifact of the nonphysical fitting procedure. The better particle confinement in H-mode would seem to be associated with a larger inward particle pinch, not with a reduced diffusion coefficient, in the discharges investigated.
V. Non-diffusive ion transport due to ion orbit loss and X-transport
There are (at least) two other classical mechanisms for non-diffusive ion transport in the edge plasma. The most familiar is the case of ions on passing or banana-trapped orbits that leave the plasma by drifting outward across the last closed flux surface (e.g. Refs 14, 19, 20, 27, 45 and 46) , where they are assumed either to be charge-exchanged or to intersect a material surface and not re-enter the plasma.
Both thermal plasma ions and energetic neutral beam ions (and fusion alpha particles) can be lost in this manner.
A second ion transport loss mechanism, more recently elaborated by C. S. Chang and colleagues [21] [22] [23] [24] [25] [26] and one of us 28 , is an outward drift transport through the region near the X-point in diverted plasmas. Ions on spiraling orbits that pass near the X-point where the poloidal magnetic field is very small have a very small poloidal displacement in time and are essentially trapped in the poloidal vicinity of the X-point, where they are subject to vertical curvature and grad-B drifts which take them outward until they either drift out across the separatrix near the X-point or r E B φ × drift poloidally out of the low poloidal field region. The poloidal motion of the electrons is sufficient that they are not affected by this trapping mechanism, so there is effectively a radially outward ion current which builds up an inwarddirected radial electric field. This radial electric field interacts with the toroidal magnetic field to produce a r E B φ × poloidal drift that de-traps the ions by allowing them to drift poloidally onto spiraling field lines that are not trapped in the vicinity of the X-point. Thus, this X-transport rate is determined by the relative values of the vertical curvature and grad-B drift loss rate and of the de-trapping r E B φ × poloidal drift rate. (Note that X-transport will be treated in the fluid theory as a convection from one radius to a larger one; only if the X-transport carries the ion across the separatrix is it lost.)
Both of these mechanisms are essentially kinetic, non-diffusive transport mechanisms.
Computationally tractable models for their evaluation and incorporation into the above fluid transport calculation are set out in the following.
Ion orbit loss model and application to DIII-D
We make use of the conservation of canonical toroidal angular momentum 
Note that Eq. 
X-transport model and application to DIII-D
In a region about the X-point the poloidal field is very small, B B ( ) ( )
. The poloidal field also increases away from the X- 
in θ Δ that will take place while the ion grad-B drifts radially downward (outward) a distance n r Δ .
Thus, the determination of the radial transport of an ion that enters the X-region is just a matter of flows radially outward across the flux surfaces the ion population is repeatedly swept through the Xregion as the radial location increases, so that those ions entering the X-region at radius r with energies equal to the energy needed for X-drift transport to radius r' are immediately transferred to radius r', where they drift poloidally out of the X-region back into the plasma at that radius r'.
This X-transport can be incorporated into the fluid calculations of ion particle and energy fluxes from Eqs. (1) and (11) in two different ways. Particle and energy loss terms can be constructed to represent the particles and energy that have been X-transported from radius r to all larger radii r'.
Similarly, particle and energy sources can be calculated to represent the particles and energy that have been X-transported to radius r' from all lesser radii r. These sources and sinks can be included directly in the particle and energy flux calculations. Alternatively, radially cumulative particle ( x F ) and energy ( x E ) loss fractions to account for those ions which have drifted across the separatrix can be defined similarly to the ion orbit loss fractions discuss previously 27 .
Summarizing, an ion in the plasma at any location other than the "X-region" is assumed to spiral poloidally towards the "X-region" (that small region extending radially inward from the X-point in which entered before it can drift across the separatrix, it returns to the plasma region at a larger radius-is "Xtransported". If, on the other hand, the ion drifts across the separatrix at the X-point before it r E B φ × drifts across the X-region to re-enter the plasma, it is "X-lost" through the X-point into the divertor. The ions in the X-region are considered to be collisionless, in the present model. Once the ions return to the plasma, they are assumed to have collisions and equilibrate to a Maxwellian with the local (radial) ion temperature; then return to the X-region, etc. The ions in the plasma outside the X-region are considered to participate in neoclassical and other transport, and to undergo ion orbit loss.
Effect of ion orbit loss and X-transport on the interpretation of experimental heat diffusivities
As an illustrative example of the importance of ion orbit loss and X-loss, their effect on the ion thermal diffusivity interpreted from experimental data using Eq. (14) has been evaluated for the DIII-D RMP shot #123301 discussed previously. The total ion radial particle flux was evaluated by solving Eq.
(1), using experimental data, for j Γ ; the total ion heat flux was evaluated by solving Eq. (11) for j Q (and Eq. (12) for e Q ); then using the ion orbit loss fractions orb F and orb E shown in Fig. 14 to reduce the ion particle and energy fluxes; and finally using similarly calculated X-drift loss fractions x F and x Q discussed in the previous section to further reduce the ion particle and energy fluxes to the level that must be accounted for by other transport processes taking place in the plasma.
The total radial particle flux, j Γ ; the total radial particle flux reduced by the fraction carried by free-streaming ions lost across the separatrix,
; are all shown in Fig.17 . Similar quantities related to the total ion energy are shown in Fig. 18 .
Finally, the experimental ion thermal diffusivity that would be inferred from Eq. (14) using these different total particle and energy fluxes and the measured ion temperature and electron density profiles were calculated. Figure 19 shows the values of the ion thermal diffusivity that would be inferred i) if ion orbit loss and X-drift loss were ignored and only ion conductive and convective transport were assumed to be involved (solid square symbols); ii) if the total ion fluxes were reduced to take into account ion orbit loss to determine the conductive and convective ion fluxes to be used in Eq. (14) (solid circle symbols);
and iii) if the ion fluxes were further reduced to also take into account X-loss (solid triangle symbols).
Taking into account the ions that are loss due to ion orbit effects dramatically reduces the inferred ion thermal diffusivity in the steep gradient region. (We note that these estimates are upper limits because some of the ions that cross the separatrix will return into the plasma.) Further taking into account ions that are lost due to X-drift causes a small further reduction in the ion thermal diffusivity in this DIII-D shot.
Clearly, ion orbit loss is a significant particle and energy transport mechanism in the DIII-D edge plasma. 
Effect of X-transport on the composition of the radial ion flux
For the H-mode discharge 123302, the minimum energy required for X-transport (i.e. the minimum energy required to make n θ Δ (or the sum of several successive ' n s θ Δ ) less than the angular width x θ Δ of the X-region was proportional to the magnitude of the radial electric field at that radial location (see Eq. 24). The radial electric field (shown in Fig. 10 ) was negative over almost the entire Xregion, except just inside the separatrix, so the ions had to r E B φ × drift across the entire angular width x θ Δ of the X-region in order to re-enter the plasma.
The ion particle and heat fluxes for the H-mode discharge 123302 were evaluated using experimental data. Three cases were considered: i) the X-transport ignored; ii) X-transport source and sink terms 28 were evaluated and included in the particle and energy balance equations; and iii) the Xtransport terms source and sink terms were included in the balance equations and "standard" ion orbit loss fractions 27 F orb and E orb were used to further reduce the fluxes calculated by fluid theory. These results are shown for the ion particle flux in Fig. 21 . (Note that the "X-transport" from inward to outer flux surfaces is used in the calculation of the particle flux, as discussed following Eq. (24) , in this figure, whereas in Figs. 17-19 the "X-loss" fraction calculated in a manner similar to Eqs (20)- (22) was used.)
The curve indicated by the square symbols shows the total outward particle flux; the curve indicated by the circles shows this total particle flux reduced by the particles that are being X-transported and therefore are not available to participate in other transport processes in the plasma; and the curve indicated by triangle symbols indicates the particle flux available to participate in transport processes in the plasma after taking into account both X-transport and ion orbit loss. With reference to 123302 H-mode Figure 21 Ion particle fluxes with and without reduction to account for X-transport and ion orbit loss.
Intrinsic toroidal rotation in edge pedestal due to ion orbit loss and X-loss
The momentum loss fraction orb M (intermediate between orb F and orb E in Fig. 14) represents a loss of particles with toroidal velocity in the direction of the toroidal magnetic field (counter-current in these shots, with B φ in the clockwise direction looking down and I φ in the counter-clockwise direction), which would result in a net toroidal velocity in the edge pedestal in the direction ( ) 0 0 ζ < of the particles which are not lost; i.e. in a counter-B φ or co-current direction for these shots.
It can be shown that it is the counter-current ions which banana orbit outside the flux surface and are preferentially lost, independent of the direction of either the current or the toroidal magnetic field, producing an intrinsic rotation in the co-current direction. This result is consistent with the general finding of a co-current intrinsic V φ in the edge pedestal of H-mode discharges in DIII-D 20 and other tokamaks, which supports the suggestion of Ref. 20 that ion orbit loss could be the cause of the observed intrinsic toroidal rotation in the co-current direction in H-mode discharges.
The X-loss mechanism can also induce intrinsic co-current rotation in the edge pedestal in the standard DIII-D configuration considered in this paper. In the standard DIII-D configuration (current counter-clockwise and toroidal magnetic field clockwise, looking down on the tokamak-see Fig. 16 ) counter-current ions will spiral counter-clockwise poloidally to approach the X-region on the inboard side; they will drift into the X-region (and perhaps be lost) if 0 r E < , thereby leaving a surplus of cocurrent ions that would constitute intrinsic co-current rotation. Co-current ions, on the other hand, will spiral clockwise poloidally to approach the X-region on the outboard side; they will drift into the X- More generally, when the toroidal magnetic field and toroidal current are anti-parallel, the counter-current ions will drift into the X-region when 0 r E < , and the co-current ions will drift into the X-region when 0 r E > , resulting in intrinsic counter current rotation. On the other hand, when the toroidal magnetic field and current are parallel, the counter-current ions will drift into the X-region when 0 r E > , and the co-current ions will drift into the X-region when 0 r E < .
We plan to follow up on these observations in future work.
VI. Summary and conclusions
There are (at least) two classical mechanisms for non-diffusive transport in the edge plasma: i) a particle "pinch" due to VxB, Er, etc. forces; and ii) outward drifts (ion-orbit loss, X-transport). New Momentum balance requires that the radial particle flux is "pinch-diffusive"; i.e. has a nondiffusive component produced by the radial electric field, VxB and lesser forces, as well as a "diffusive" component produced by the pressure gradient force. This theoretical conclusion is supported by the experimental observation of an inward ion particle flux during the edge density buildup after an ELM crash.
Momentum balance requirements also define the particle diffusion coefficient in the plasma edge in terms of the interspecies collisional momentum transfer frequency and the toroidal angular momentum transport frequencies due to viscosity, charge-exchange, any anomalous effects, etc. Composite angular momentum transport frequencies can be interpreted from experiment.
The inward particle pinch associated with VxB and Er forces is more important than the ionization of recycling neutrals in determining the pressure profile in the edge plasma of several DIII-D H-mode discharges.
The particle "pinch" is small and outward in the L-mode phase, but becomes large and inward in the H-mode phase of one DIII-D discharge, due primarily to the creation of the large negative well in
Erad in H-mode. The diffusion coefficients in the L-and H-mode phases were similar in the steep gradient region, implying that the steeper density gradient observed in H-mode is required (by momentum balance) in order to balance the larger inward pinch velocity, relative to L-mode, needed to provide the net outward radial particle flux required to satisfy the continuity equation. Thus, the improved particle confinement in H-mode relative to L-mode seems to be associated with a reversal of the outward L-mode pinch velocity to a strong inward H-mode pinch velocity, rather than to a reduction in particle diffusion coefficient. In fact, previous interpretations of a reduction in diffusion coefficients, leading to the postulation of a "particle transport barrier", would seem to be an artifact of neglecting this pinch velocity.
Resonant magnetic perturbation (RMP) reduces the Er well relative to H-mode, thereby reducing the inward particle pinch in the edge plasma with RMP relative to an otherwise similar H-mode.
Diffusion coefficients were similar for these RMP and H-mode discharges, so the reduction in inward pinch is apparently a significant contributor to the "density pump-out" observed with RMP. Another significant contribution is the larger ion orbit loss in the RMP than in the otherwise similar H-mode discharges because of the different electrostatic potential profiles.
Ion orbit loss substantially reduces the parts of the total ion particle and energy fluxes that should be include in the interpretation of thermal diffusivities in the steep gradient region of the edge pedestal, thereby significantly reducing the ion thermal diffusivity interpreted from measurements of ion temperature profiles by using these total energy and particle fluxes.
The outward curvature and grad-B drift of ions on field lines that are trapped poloidally in the vicinity of the X-point may be an important mechanism both for non-diffusive transport and for determining the radial electric field in the edge plasma. Further quantitative evaluation of this X-loss mechanism will be performed in the future.
Preferential ion orbit loss and X-loss of counter-or co-current flowing ions produces an intrinsic co-or counter-current net toroidal rotation in the edge pedestal of DIII-D discharges, with the direction depending on whether the plasma current and toroidal magnetic field are parallel or anti-parallel. Further quantitative evaluation of this intrinsic rotation mechanism will be performed in the future. 
where the poloidal asymmetry coefficients 
Equation (1) can be used to write the inertial term in the FSA toroidal component of the momentum balance as
and the same set of approximations can be used to write the first term on the right as
Appendix B Generalized Diffusion Theory
The results of Appendix A may be used to write the FSA toroidal component of the momentum that is commonly used to represent radial particle transport in plasma edge fluid codes. First, the diffusion equation for species "j" depends not only on the density gradient of species "j", but on the density gradients for all other ion species as well. Second, the diffusion equation for species "j" depends on the temperature gradients for all ion species. This implies that, when used in the predictive mode, the diffusion equations for all the ion densities and the heat balance equations for all the ion temperatures are coupled and must be solved simultaneously.
The second major difference is that there is a convection term with a pinch velocity [Eq.(B5)] that depends on the poloidal rotation velocities for all the ion species and on the radial electric field, the induced toroidal electric field, and the neutral beam (or any other) external momentum input or torque.
As discussed above, we have found that the pinch velocity was the dominant term in the pinch-diffusion relation insofar as the determination of the edge density profile. Thus, we anticipate that the convective last term on the left in Eq. (C1) will have a major effect on the calculation of the ion particle profile in the edge plasma. This implies that when Eq. (C1) is used in the predictive mode, the rotation equations must also be solved simultaneously with the particle and heat diffusion equations.
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